The present investigation sought to provide additional information concerning th e laryngograph as a means to study vocal fold contact area. Subglottal pressures were sensed simultaneously with the laryngographic signal while the speaker produced a variety of speech tasks. The onset and cessation of the subglottal pressure waveform was studied relative to the laryngographic and speech waveforms. Differences were noted for voiced-voiceless contrasts for bilabial stop consonant production and vocal effort changes during the three vowels studied. Also a high-resistance polymer strip was placed between the vocal folds and gradually removed while simultaneous laryngographic recordings were obtained during sustained productions of the vowel/Q/. An increase in the amplitude of the laryngographie waveform upon withdrawal of the polymer strip strongly supported the concept tha t the laryngographic signal is generated directly by the change in conductance due to alterations in the area of vocal fold contact.
The laryngograph is a device that measures vocal fold contact area. The technique used is noninvasive and nefther disrupts phonation nor requires uncomfortable illuminating and photographic equipment to be positioned in the vocal tract. Moreover, laryngQgraphy leaves the subject unencumbered for continuous speech and 9ther monitoring procedures. The laryngograph measures the conductance of a 4-MHz signal transmitted and defected via two electrodes placed on the skin adjacent to the thyroid cartilage. Changes in conductance, like changes in phonation, generate the laryngographic (L×) waveform.
Using the laryngograph to monitor vocal fold contact area, Fourcin (1982) divided the glottal cycle into four phases (see Figure 1 ). According to Fourcin, the first contact to be made between the vocal folds would be due to the mucous bridge between the approaching epithelia. This would bring about a rapid increase in conductance and would account for the rising initial phase of the cycle (A, Figure 1 ). The peak of closure, or maximum conductance, would occur when maximum vocal fold contact is achieved (B). Following peak closure the separation phase would begin (C). Opening would be initiated at the lower edges of the vocal folds with the mucosal surfaces gradually pulling apart as the area of contact is reduced, and the L~ signal would decrease in amplitude. The end of the separation phase would be associated with substantial airflow velocity, and peak flow would occur during the open phase corresponding to the lowest part of the Lx waveform (D):
There have been several studies that attempted to validate the laryngograph: Fourcin (1974) and LeCluse, Broeaar, and Versehuure (1975) , who photographed stroboscopically the vocal folds simultaneously with the Lx signal; Rothenberg (1982b) , who reported inverse filtering data with sinmltaneous recordings of the Lx signal; and Childers, Smith, and Moore (in press), who used high-speed motion picture photography with EGG measurements. Kitzing, Carlborg, and L6fqvist (1982) studied subglottal pressures simultaneously with the glottographic signal to obtain information about glottal vibratory activity. Their data support the view that the Lx waveform reflects activity at the laryngeal level. Several researchers (Fourcin, 1974; Kitzing et al., 1982; LeCluse et al., 1975) have shown a relation between the L× signal and vocal fold contact area. However, although the data provided are encouraging, they are far from conclusive. The present study sought to provide additional informarion concerning the use of the laryngograph as means of assessing vocal fold contact area. Subglottal pressures (P~) were recorded simultaneously with the laryngographic signal. Of interest was the timing relation between subglottal pressure onset and cessation relative to the Lx signal. Also, a high-resistance polyethylene strip was placed between the vocal folds while the laryngographic waveform was being recorded. The purpose of this procedure was to monitor the relation between vocal fold contact area as directly modified by the polymer strip and corresponding changes in the L× signal while the vocal folds "were vibrating.
METHOD

Experiment 1
Subject and speech sample. A 38-year-old man served as the subject. He had a general American English dialect and had no history of a respiratory, laryngeal, speech, or hearing disorder. We asked the speaker to perform the following tasks: 1. to sustain the vowels/u/,/i/, and/a/at normal conversational pitch and loudness and at twice normal loudness (the different vowels were used to determine whether Lx and Ps waveform onset varied according to the specific vowel produced or to the intensity of phonation); 2. to produce the CV syllable/pi/seven times in succession without a pause; and 3. to produce the CV syllable/bi/seven times in succession without a pause. The CV syllable trains were included in the speech sample to study Ps magnitude differences between voiced and voiceless consonant environments as well as the GILBERT ET AL.: Laryngograph 179 timing relation between Ps and Lx signal onset and cessation.
The subject produced the entire experimental task twice. Subsequent analysis of the audio signal and the pressure waveform indicated that the speaker phonated not at a normal loudness level when he was requested to, but at a weaker phonation level.
Vocal fold contact area. Conductance was measured across the anterior neck at the level of the thyroid cartilage using the laryngograph (Fourcin, 1982) . Current was generated by a low-impedance, high-frequency oscillator with a frequency of 4 MHz. The oscillator was connected between an inner and outer guard-ring electrode, while a low-impedance current detector was connected to an identical electrode. Electrodes were placed on each side of the neck on the skin overlying the thyroid cartilage and were held in place by an elastic strap. The electric power dissipated at the neck has been shown to be less than 20 mW (Fourcin, 1982) . The output from the current detector was amplitude demodulated to give signals whose waveforms were functions of vocal fold displacement. The Lx signal was recorded on one channel of a Honeywell multiehannel FM tape recorder (model 5600).
Subglottal pressure. In the present study, subglottal pressure was chosen as the variable against which to compare vocal fold conductance measures, because it has been shown to be important in vocal fold physiology and directly related to such vocal fold parameters as fundamental frequency and intensity as well as vocal fold contact area. Various methods have been used to measure Ps. The most commonly used method of reaching the subglottal space is introducing a catheter into the trachea through the cricothyroid membrane via a needle. Kitzing and L6fqvist (1975) and Koike (1980) discussed the limitations of the various techniques used to obtain subglottal pressures. With these limitations in mind, we used the tracheal puncture method to study the timing relation between subglottal pressure onset and cessation relative to laryngographic activity.
Subglottal pressure was obtained simultaneously with the Lx signal. With the subject in a supine position, the skin of the anterior neck was prepped and draped in a sterile ~fashion. Local infiltration in the midline pretracheal area was obtained using less than 1 ce of 1% lidocaine injected through a 25-gauge needle. An 18-gauge Angiocath was then inserted into the tracheal lumen between the second and third tracheal rings and the needle was withdrawn. The catheter was secured at a depth of approximately 5 mm into the tracheal air column and was connected to a Statham PM131 TC (---2.50-350) pressure transducer that was connected to the needle by polyethylene tubing (15 cm in length, 1.78 mm i.d.). Subject preparation and the tracheal puncture were performed by a board-certified otolaryngologist on the faculty of the Hershey Medical Center. The transduced pressure signal was amplified by an Accudata 113 bridge amplifier which was driven by an external power source. The amplified signal was then recorded on a second channel of the Honeywell FM tape recorder. Subglottal pressures were calibrated against a water manometer.
The technique deeribed by Rothenberg (1982a) was used to evaluate the response time of the subglottal pressure sensing system. This involved the rapid release to zero of a constant pressure at the probe tip. The syllable/pa/was produced five times with the probe tip between the lips. The response time of the subglottal pressure sensing system averaged over the five trials was 18 ms. Any temporal comparison between P~ and the laryngographie signals required the use of this correction factor.
The audio (speech) signal was sensed by an ElectroVoice 635A microphone, amplified, and recorded on a third channel of the Honeywell FM tape recorder.
The back of the examining table was then adjusted so that the subject was placed in a sitting position. The laryngographic eleetrodes were placed on either side of the thyroid cartilage and the microphone positioned 6 em from the lips. The speaker then uttered the speech samples twice in succession.
Experiment 2
Laryngoscopy. Valium (10 nag) was administered with a small sip of water 1 hr prior to the procedure. The subject had not eaten any food for 8 hrs. Atropine (0.4 rag) was administered intramuscularly 15 min before beginning laryngoscopy. Topical anesthesia of the oropharynx, hypopharynx, larynx, and subglottie areas was obtained with less than 1 cc of 2% pontocaine and less than 2.4 cc of 10% cocaine in the usual manner for laryngoscopy. With the use of atropine and topical anesthesia, coughing and gagging reflexes were eliminated. An adult Dedo laryngoscope was used so that the entire length of the glottis could be viewed. A previously prepared high-density polyethylene strip 5 mm wide, 1 mm thick, and 35 mm long was placed between the vocal folds at approximately the midline of the glottis. The polymer strip served to reduce the area of contact over a 5-ram length of the vocal folds and complete vertical depth. Forceps used to hold the polymer strip in place did not impede vocal fold contact or vibration in any manner.
With the subject sustaining the vowel/a/in a supine position, laryngographic recordings were taken as the strip was vertically withdrawn from the glottis. Simultaneous recordings of the laryngographic and speech signals were obtained and recorded in the same manner as in Experiment 1.
RESULTS
AND DISCUSSION
Vowel Production
The temporal relationship between the subglotta] pressure and the laryngographic signals was studied for the three vowels. I2aryngographic activity for all six productions (3 vowels x 2 repetitions) was first observed when the subglottal pressure reached its peak, between 850 and 950 ms after the pressure signal onset (see Figure 2) . FIGURE 2. Sustained productions of the vowel/u/showing the relation among the L~, Ps, and speech waveforms. Top half shows normal conversational pitch and loudness, and bottom half shows increased loudness. Paper speed is 50 mm/s.
Laryngographie activity was observed throughout the sustained vowel production. As subglottal pressure began to decrease, cessation of the Lx signal was noted. Subglottal pressure for the six productions ranged from 3.3 to 4.6 cm H20. Onset and offset of the Lx and speech signal coincided. Cessation of the speech signal occurred simultaneously with the Lx signal prior to the decrease in Ps. For the increased loudness task, laryngographie activity was first noted between 260 and 640 ms after the rise of subglottal pressure (see Figure 2) . Subglottal pressure increased more rapidly from onset to peak during the increased loudness task. In every ease, laryngographie activity was noted prior to the attainment of peak pressure (between 100 and 200 ms). Subglottal pressure for the six productions ranged from 6.0 to 9.4 em H20. A constant subglottal pressure was maintained simultaneously with laryngographic activity throughout the vowel. Without exception, cessation of the laryngographic signal was observed when the subglottal pressure began to decrease. In every instance, the onset and cessation of the speech signal coincided wlth laryngographie activity. Figure 3 is a tracing of the oscillographic display of/bi/ produced four times. During each production of the syllable, subglottal pressure gradually increased to a peak, then decreased slightly and was maintained at a constant level until it returned to the baseline at utterance end. The initial peak in the pressure wave is related to the stop consonant production, which was associated with greater pressures than the vowel portion of the syllable. Mean subglottal pressure during the vowel portion of the utterance averaged over 14 productions was 3.3 em H20.
CV Syllables
Onset of the Lx signal occurred in each syllable during the build-up in subglottal pressure, an average of 20 ms prior to the attainment of peak pressure. Both the Lx and the speech signals indicated that voicing started prior to peak subglottal pressure. Voicing continuity occurred throughout the CV syllable but ceased, in most cases, prior to the decrease in subglottal pressure. It appears that the vocal folds remained adducted and subglottal pressure was maintained at a constant level an average of 22 ms after 'vocal fold vibration ceased. Figure 4 is a graphic representation of the syllable/pi/ repeated three times. Subglottal pressure increased gradually to a peak, decreased, and then increased slightly, and was maintained at a constant level until it decreased to the baseline at utterance end. The notch observed in the subglottal pressure waveform following the peak pressure is similar to that described by Netsell (1969) for VCV utterances in which the consonant was a voiceless stop. The peak in the pressure waveform is associated with the stop phase of the consonant. There is a slight increase in subglottal pressure associated with the vowel, as can be seen from the onset of the speech signal. Mean subglottal pressure during the steady state portion of the vowel averaged over 14 productions was 4.0 em HaO.
Onset of the Lx signal during successive productions of /pi/occurred an average of 11 ms after the attainment of peak pressure. The Lx and speech signals generally coincided in both onset and cessation and supported previous findings concerning voice onset time associated with voiced and voiceless stops. As with/bi/productions, laryngographic and speech activity ceased prior to the decrease in subglottal pressure. This pattern suggests that the vocal folds continued to remain adducted and subglottal pressure was sustained, even after vocal fold vibration ended.
The only observable difference between the subglottal pressure tracings for /pi/ and foe was the decrease in pressure associated with the apparent release phase of/p/. The drop in pressure is due to the release of the lip constriction and subsequent decrease in intraoral pressure. Onset of vocal fold activity was seen with the decrease in subglottal pressure followed by an increase for the vowel to a level somewhat less than that associated with the stop consonant. According to Netsell, the absence of a decrease in subglottal pressure associated with the/b/is probably due to vocal fold activity throughout the CV syllable and the continuous presence of glottal resistance at this point. Figure 5 is a tracing of the oscillographic display of the laryngographic and speech signals as the polymer strip was gradually removed from the glottis. Initially the polymer strip was inserted between the vocal folds to impede the laryngographic signal transmission along a 5-mm glottal length and complete vertical depth of the vocal folds. As indicated from the laryngographic signal (upper left of Figure 5 ), conductance across the vocal folds was at a minimum (or impedance to current flow was at a maximum) when the polymer strip was in place. Toward the end of the tracing (bottom right of Figure 5 ), the polymer strip was completely removed and conductance was maximal (or resistance to current flow was minimal). As the polymer strip was gradually removed, thus increasing vocal fold contact along the vertical and horizontal dimensions, the L× signal strength increased approximately four-fold.
Polymer Strip Insertion
The polymer strip, which has a high resistance to conducting electrical current, actually served to reduce the vocal fold area across which the electrical signal could pass. The Lx waveform was present but reduced in amplitude when the polymer strip was in place. These findings are compatible with the observed smaller area of vocal fold contact anterior to the inserted polymer strip. A possible explanation for the increase in amplitude of the laryngographic signal as the polymer strip was gradually removed from the glottis may be that the area of contact between the vocal folds increased from the subglottic to Speech I Speech ! FIGURE 5. A tracing of the sustained vowel/a/as a polymer strip was gradually removed from the glottis. Relation between L× and speech waveforms is shown. Paper speed is 500 mm/s. The tracing proceeds from left to right, top to bottom. the supraglottic side. The vocal fold area across which the 4 MHz signal was transmitted increased, thereby contributing to an increase in the amplitude of the Lx signal.
Observation of the speech signal recorded simultaneously with the Lx signal as the polymer strip was gradually removed from the glottis indicated very little change in the amplitude of the speech signal due to removal of the polymer strip. There is less certainty concerning whether there are any changes in the shape of the individual cycles of the speech waveform.
SUMMARY
Analysis of the simultaneous subglottal pressure and laryngographic data for the speech samples studied indicated that differences exist in the timing relations due to changes in vocal intensity. These data suggest that vocal fold vibration starts sooner (prior to the attainment of peak subglottal pressure) for the sustained vowel produced with increased vocal effort level. Also, we noted timing differences and waveform pattern differences for the voiced/voiceless stop comparison in the CV syllable.
The increase in amplitude of the Lx waveform upon withdrawal of the high-resistance polymer strip from between the vocal folds supports the concept that the Lx waveform is generated directly by the change in conductance due to alterations in the area of vocal fold contact during phonation. The present findings, when combined with the data reported by Fourcin (1982) and others, contribute to our understanding of the laryngograph as a noninvasive measure of vocal fold contact area.
